The addition of boron to GaAs nanowires grown by self-catalyzed molecular beam epitaxy was found to have a strong effect on the nanowire morphology, with axial growth greatly reduced as the nominal boron concentration was increased. Transmission electron microscopy measurements show that the Ga catalyst droplet was unintentionally consumed during growth. Concurrent radial growth, a rough surface morphology and tapering of nanowires grown under boron flux suggest that this droplet consumption is due to reduced Ga adatom diffusion on the nanowire sidewalls in the presence of boron. Modelling of the nanowire growth puts the diffusion length of Ga adatoms under boron flux at around 700-1000nm. Analyses of the nanowire surfaces show regions of high boron concentration, indicating the surfactant nature of boron in GaAs.
Introduction
Heterostructured nanowires (NWs) offer interesting prospects as the key building blocks of future electronic and optoelectronic devices. In particular, bottom-up III-V NWs such as GaAs offer the advantages of a direct bandgap, and the possibility of growing heterostructures both radially [1] and axially [2] , while still relying on established processing technology. The growth of materials with a large lattice mismatch is faciliated in NWs due to the relaxation of strain in two dimensions [3] . At the same time, much recent work has focused on the residual or engineered strain which remains in the nanostructures and can be used as an additional parameter (alongside size and composition) to manipulate material properties such as the emission wavelength [4, 5] or electron mobility [6] . Investigating strain in nanowires is particularly interesting for the design of radial heterostructures.
In order to induce strain in a GaAs nanowire, ternary alloys with two group III or group V elements can be used. While alloys with larger lattice constants than GaAs, such as In x Ga 1−x As, are well-researched, few traditional III-As candidates exist with a smaller lattice constant than GaAs. The addition of N to GaAs nanowires has been demonstrated in radial GaAs/GaAs 1−y N y heterostructures [7] , which leads to Table 1 : Growth times and parameters for the samples discussed in this paper strain in the NWs and modifies the bandgap [8] , and can lead to further investigations on the quaternary Ga 1−x In x As 1−y N y . In contrast, it has been hypothesised that small amounts of B lead only to small changes in the GaAs bandgap [9] , while still allowing for the addition of strain. In that respect, it is interesting to investigate the ternary alloy B x Ga 1−x As, where the theoretical lattice constant should range from that of BAs, 4.78Å [10] , to that of GaAs, 5.65Å, for strain engineering applications. However, research on this alloy is sparse, owing to the difficulties of epitaxial growth, including surface segregation [11] , rough surface morphologies [9] , and unintentional doping due to antisite defects [12] .
Nanowires offer an interesting platform for the growth of B x Ga 1−x As and for elucidating the effects of molecular beam epitaxy (MBE) growth of III-V materials with B, as well as for characterization of the optical, electrical and structural properties of the material. While many studies exist on the mixing of group V species (e.g. As + P, As + Sb) [13, 14, 15] , group III elements such as In and Al generally incorporate on the correct lattice site and do not pose a problem for NW growth. However, from planar growth it is clear that this is not the case with B x Ga 1−x As. As there is currently no literature on the growth of III-V alloys incorporating B in nanostructures, here we report the growth of GaAs/(B)GaAs nanowires and discuss the effects of boron on nanowire morphology, and the implications for the MBE growth of boron-containing III-V alloys, both in planar geometry and in nanostructures.
Growth & Characterization
All the nanowires described here were grown on Si(111) via a self-catalyzed MBE technique [16] . The whole process was performed at a substrate temperature of 630
• C, measured by a pyrometer calibrated for GaAs. Ga and As were supplied from elemental sources, using an equivalent layer growth rate of 0.1 µm/h for GaAs and a V/III ratio ∼ 7. After the Si (111) substrates were stabilized at the growth temperature, the Ga and As shutters were opened simultaneously for the nucleation of Ga droplets and the subsequent vapor-liquidsolid (VLS) growth of initial GaAs nanowire stems. This initial growth phase was performed without boron to avoid any possible influence on the nucleation behavior. Except for the GaAs reference samples, Boron flux was supplied from a water-cooled high-temperature effusion cell after 18 min of VLS growth. Powdered B of 6N purity was used as the charge material. The flux was determined by the cell temperature setpoint, which was varied between 1725 and 1800
• C, while all other growth parameters were kept the same. Finally, growth was terminated by closing all shutters simultaneously and the sample cooled down under residual As 4 flux. The samples discussed are summarised in table 1; the control GaAs samples (samples A1 & A2) were grown for 21 and 60 mins respectively, while samples grown under boron flux were grown for a total of 48 or 60 minutes. The percentage of boron measured for planar GaAs/B x Ga 1−x As superlattice samples grown at each temperature and with the same planar equivalent growth rate are given as a guide for the boron incorporation.
A final sample (sample F) was overgrown with an Al 0.42 Ga 0.58 As shell. In this case, after the (B)GaAs growth, the sample was exposed to a pure As 4 flux for 10 minutes, after which an Al 0.42 Ga 0.58 As layer was grown for 12 minutes at a substrate temperature of 500
• C. Finally, cooldown followed under residual As 4 flux as for the previous samples.
To characterise the grown nanowires, scanning electron microscopy (SEM) measurements were performed in a Zeiss NEON 40xB system. Representative SEM images of as-grown NWs with and without boron are shown in figure 1 . We can see that while NWs were obtained under all growth conditions, the morphology of the NWs changes significantly for samples grown under boron flux, with a greatly reduced wire length and more tapering visible in samples grown under boron flux. This tapering suggests a smaller adatom diffusion length on the NW sidewalls. For measurement of individual wire dimensions, NWs were dispersed in isopropanol and drop-casted on Si/SiO 2 carrier wafers.
Using the same drop-casting method, some nanowires were transferred onto holey carbon grids with a mesh size of 300µm, and subsequent TEM analysis was performed on a JEOL JEM-2200FS system using the high resolution (HR) TEM and scanning (STEM) mode. For HRTEM images the wires were tilted to a <110>zone axis of the GaAs zinc blende (ZB) lattice. Along this direction the ABC stacking of the lattice is clearly visible and allows a simple differentiation between the ZB and the wurtzite (WZ) lattices. High-angle annular dark field (HAADF) and bright field (BF) detectors were used for imaging in the STEM mode. The chemical composition measurements and verification of the B incorporation was done with energy dispersive X-ray spectroscopy (EDXS). Figure 2a shows the average NW length versus the nominal boron concentration, as calculated from a set of 50-70 NWs per sample, for samples A1-E. It is immediately clear that the final nanowire length is inversely proportional to B flux, regardless of sample growth time. The growth rate is expected to be nonlinear at the start of the growth [17] , and the lengths of samples A1 (5.7µm after 60 mins) and A2 (1.3µm after 21 mins) confirm this. Assuming a linear growth rate starting from 15 mins of growth, we can estimate that the length of the GaAs stems after 18 minutes of growth should be ∼ 960nm. By comparing samples grown for a total of 60 minutes (B, D) or 48 minutes (C, E), we can conversely conclude that the radial growth (plotted in figure 2b ) is dependent on both B content and growth time; both an increased B flux (i.e. sample B versus sample D, sample C versus sample E) and longer growth (i.e. samples B and D versus samples C and E) lead to enhanced radial growth, and to increased ratio of the base/tip diameter, indicating wire tapering. Since axial and radial growth depend on the local density of NWs, the number of wires per µm 2 was calculated for several substrate positions for each sample. This is plotted in figure 2c . There is generally good agreement in NW densities between samples, and density fluctuations which do occur are attributed to differences in surface morphology between wafers. Additionally, the variations in density can not explain the significant differences in NW morphology demonstrated in figures 2a and b.
Results & Discussion
Typical TEM images of the tips of nanowires grown with and without B are shown in figure 3 . is taken from a pure GaAs NW sample grown under similar conditions. Without boron, the droplet remains intact and has a contact angle of 130 • , which is typical for self-catalyzed GaAs nanowires and allows for continued axial growth and minimal tapering [18] . In contrast, when B is introduced to the growth we can see that the droplet crystallises, with a final contact angle of around 30
• , and the crystal structure of the wire closely follows that which we would expect from droplet consumption after NW growth [19] . A firstprinciples B-Ga phase diagram indicates that the droplet under boron flux should still be composed entirely of gallium [20] , and indeed EDXS mapping of a NW tip indicates that the B level is below the detection limit. Unintentional consumption of the Ga droplet would prevent axial growth, and material may instead be deposited on the sidewalls, leading to radial NW growth.
In order to understand the suppression of the axial nanowire growth, and simultaneous enhancement of the radial growth, we must look at the kinetics of self-catalyzed GaAs nanowire growth. Under normal conditions, Ga is supplied from a droplet, which is sustained by the impinging beam flux and sidewall diffusion of Ga [21, 22] , while As is supplied via direct impingement and reemission from the substrate and neighbouring nanowires [17] . It is well-known that the Ga droplet can be consumed by stopping the Ga flux and supplying either high or low As 4 flux [23] , and that during consumption the droplet contact angle to the NW changes as the Ga supply dwindles. This change in contact angle leads to a change in the droplet-solid surface energy and the droplet supersaturation, and subsequently a change in crystal structure [24] and therefore droplet consumption in a zinc-blende (ZB) NW leads to a 'signature' crystal structure composition as the NW changes to wurtzite (WZ) structure and back, with the transitions between crystal structures marked by stacking faults (SFs) [25] .
The previously reported segregation of B in GaAs [11] suggests that B acts as a surfactant. In our HRTEM and HAADF images a defect rich NW surface is visible, which leads to a speckled contrast in projection (figures 4a and b) . The defects at the nanowire edges correlate with small reductions in wire diameter, leading to 'voids' along the nanowire length. These voids present with an inverse pyramidal shape and clearly lead to the dark spots visible around the whole NW, as can be seen in the inset to fi gure 4a.To determine whether there is also a composition change in the nanowire material, EDXS linescans were taken on one of these voids, and on an adjacent region ( figure 4c ). There is a significant B signal at the position of the void, and a concurrent reduction in Ga, despite a nominal B content <1% (table 1) which is below the detection limit (therefore, it is impossible to quantify via EDXS the amount of B incorporated on the lattice). This suggests segregation of BAs or some sub-arsenide, leading to alternating B-and Ga-rich regions on the nanowire surface. These voids on the nanowire surface are more numerous in samples grown at higher B flux (figure 4b), with an imageJ analysis indicating that near the nanowire tip, these boronrich regions covered 8.9% (14%) on samples C (E) respectively. This indicates an increase in the surface coverage of B as the B flux is increased. The impact of increasing the growth time was not yet investigated structurally, but is also expected to increase surface coverage of B. It should be noted that an asymmetry in these voids was sometimes observed, as visible in figure 4b, which we attribute to a beam shadowing effect due to the relatively high wire density (see figure 1c) , offering further evidence that these high-B regions arise due to sidewall nucleation rather than through VLS growth.
A final point to consider is the increased tapering visible in SEM images (figure 1) and statistically confirmed to increase with both boron concentration and growth time (figure 2b). NW tapering was also observed in B-doped Ge nanowires [26] grown via chemical vapor deposition (CVD). Furthermore, a lower axial growth rate was found in highly B-doped Si NWs grown by CVD [27] . That these effects also occur due to the addition of boron during MBE growth of GaAs is interesting, as in this case the boron should be expected to incorporate substitionally as well as on antisite defects, and analysing the NW growth allows us to further elucidate some of the issues which occur in planar growth of B x Ga 1−x As by highlighting which growth parameters are most affected by the presence of boron, as described below.
Massies and Grandjean [28] found that surfactants could either increase or decrease surface diffusion in GaAs; moreover, this was related to whether the atoms occupied interstitial surface sites (leading to an increased diffusion length) or substitutional sites (leading to a reduced diffusion length). In the case of substitutional surfactants, Ga adatoms adsorbed on the NW surface may be exchanged with the surfactant species (in this case B) and incorporated subsurface, where the energy barrier for migration involves breaking all their existing bonds. A reduction in diffusion length could follow from the surface coverage of boron, and be further influenced by the increasing surface roughness clearly visible in figures 4a and b. A decreased adatom diffusion length could further come from the anomalous bond behaviour of B compared to other group III elements [10, 29, 30] .
Modelling of adatom diffusion length under B flux
From the net influx of Ga atoms in the droplet during VLS growth [31] we can derive the rate of change of Ga atoms in the droplet as:
where J Ga,ef f is the effective flux impinging on the Ga droplet, which takes into account the droplet shape following reference [32] ; J Ga is the direct Ga beam flux; α Ga is the angle of the Ga beam on the droplet; R is the nanowire radius; λ f and λ s are the diffusion lengths of Ga adatoms on the nanowire sidewalls and the Si(111) substrate, respectively; and θ l /θ f is the reverse diffusion flux or the flux of Ga adatoms to the droplet, which is given by the ratio of gallium activities in the liquid phase, θ l , and on the nanowire sidewalls, θ f . The λ 2 s − R 2 term refers to adatoms reaching the droplet from the substrate, and is only taken into consideration if λ f > L, where L is the nanowire length, i.e. adatoms reaching the NW base will also reach the droplet. The final term on the right-hand side corresponds to atoms from the droplet which are incorporated in the NW during axial growth, where dL dt is the NW growth rate, and Ω GaAs is the elementary volume of Ga in solid GaAs (0.0451nm 3 in ZB [33] ). If the number of Ga atoms in the droplet is decreasing, this elongation 'sink' must be greater than the net influx of Ga atoms to the droplet, therefore:
After opening the boron shutter, the Ga flux stays constant, and from available B-Ga phase diagrams [20] , B is insoluble in Ga at our growth temperature, so we assume that the droplet is still composed of Ga. Therefore, we assume that J Ga , J Ga,ef f and α Ga do not change. The radius R can also be considered constant in the moments after opening the boron shutter.
The gallium activities in the droplet and on the sidewalls are given by [34] :
where µ ∞ l is the infinite chemical potential of Ga, k B is Boltzmann's constant, T is the growth temperature, R GT is the Gibbs-Thomson radius, τ f is the surface lifetime of Ga adatoms on the sidewalls (see below), and σ f is the element adsorption area of Ga on the nanowire sidewalls (0.45nm
2 ). Many of these terms are constant; as above, if the droplet composition does not change, µ ∞ l should not change. R GT depends on the composition of the droplet, calculated as in [34] , and as above is considered to be pure Ga. Finally we are left with the surface lifetime of Ga adatoms, which is related to the sidewall diffusion length via:
where D f is the diffusion constant of Ga on GaAs (1.38e-14m 2 s −1 ). Combining equations 2 and 5 we see that the left-hand term in 1 has a 1/ √ τ f dependence while the second term on the right depends on √ τ f . Therefore, a reduction in the Ga adatom lifetime (thus reduced diffusion length) would lead to a shrinking right-hand term and an expanding left-hand term, and eventually to a negative dN Ga /dt. This would subsequently decrease the droplet volume and the contact angle β, which has been shown via the change in surface energies to lead to the crystal phase switch observed in our samples [24] . We performed a model of the nanowire growth during droplet consumption, taking into account diffusion on the NW sidewalls as well as a contribution from substrate diffusion, since the NW height upon opening the B shutter is small. Here we calculate the change in nanowire length given by [34] :
Where dH/dt is the rate of deposition, given from the equivalent layer thickness growth rate (in this case, 0.1µm/hr), θ s is given by θ s = Jτ s σ s sin α and represents the adatom coverage of the substrate, with parameters analogous to those previously discussed for the sidewalls; θ v is the activity of the vapor phase, calculated assuming θv θs = 2.11 [34, 33] ; λ s is the diffusion length of Ga adatoms on the Si(111) substrate; 
For varying λ s and λ f , equations 1 and 6 are solved iteratively and the change in NW length, droplet volume and droplet angle are modelled in the time after the boron shutter is opened, until the value of the contact angle reaches 30
• , which is measured to be the angle of the droplet after consumption, or until the maximum growth time is reached if the droplet is not consumed. The value of λ s is constrained by the contribution of substrate adatoms to the droplet, since both small and large values of λ s lead to an expanding droplet.In the case of a high surface diffusion length, this is due to an increased flux to the droplet; in the case of a low λ s , the axial growth rate is reduced, and the constant fluxes to the droplet are not fully balanced by the 'sink' of atoms being incorporated into the growing NWs. Considering these constraints, we found a value of λ s of 340nm, which is slightly lower but comparable to the substrate diffusion length found in a previous study [35] . Figure 5a shows the total nanowire growth under boron flux for different values of λ f , for an average NW radius of 28nm. The pronounced kink at λ f >960nm comes from the contribution of substrate adatoms to the droplet, past which the third time in equation 1 becomes relevant. This model allows us to estimate the sidewall diffusion length for each sample, plotted in figure 5b . In all cases, this corresponds to the droplet being consumed before the end of growth, which is consistent with HRTEM images, and explains the independence of NW length on the growth time. In addition, since the diffusion length is less than the final NW height in all cases, this explains the enhanced base/tip tapering ratio of NWs grown under B flux. These diffusion lengths can be compared to the typical sidewall diffusion length during MBE growth of pure GaAs nanowires, which is on the order of several microns [34] .
Radial overgrowth of AlGaAs
The (B)GaAs shell material is highly crystalline and follows the crystal structure of the NW core, as indicated by the ZB segment shown in figure 3b , although the segregation of B leads to a rough surface morphology. Nonetheless, the epitaxial quality of the material was further confirmed by the overgrowth of an Al 0.42 Ga 0.58 As shell (figure 6a), which was grown for 12 minutes and capped with GaAs to avoid oxidation. The AlGaAs grew conformally and with a smooth surface, despite the same B-rich areas of contrast being visible at the (B)GaAs-AlGaAs interface (figure 6b).
In figure 6a it is clear that the overgrowth of AlGaAs leads to the formation of characteristic defects which can be identified as stacking faults parallel to the (111) and (111) planes. The combination of growth on the rough surface and the lattice mismatch between (B)GaAs and AlGaAs leads to the formation of stacking faults in the AlGaAs shell. HRTEM images indicate that these stacking faults are limited to the AlGaAs shell. We attribute this to the compressively strained growth of AlGaAs on the voids discussed earlier. Due to the additional faceting, perfect dislocations can dissociate here and form SFs. 
Conclusion
In conclusion, we have observed a strong impact of boron on the morphology of GaAs nanowires grown by solid-source MBE. Nanowires grown under B flux were found to be much shorter than bare GaAs NWs grown for the same length of time, and moreover the lengths reached by these wires depended solely on the B flux supplied during the second part of growth, irrespective of the total growth time. The NW shell material was found to have B-rich phases and a rough morphology, with coverage of B-rich areas on the surface increasing from 9% to 14% with increased boron content. From this we conclude that the surfactant nature of boron in GaAs leads to a reduction in Ga adatom surface lifetime, which limits the Ga supply to the droplet and eventually leads to droplet consumption and suppression of VLS growth. The surface lifetime reduction depends on the coverage of B and therefore on the B flux. These results offer insights into the growth of B x Ga 1−x As, indicating that improving growth quality and boron content requires careful control over the growth parameters in order to reduce segregation of B and maximise adatom diffusion length. For example, it was found that the amount of substitutional B incorporated during planar growth drops sharply with growth temperatures >500
• C [36] , and that a high V/III ratio such as that used during NW growth increases B incorporation in the lattice [37] . This would suggest that, despite the difficulties of VLS growth incorporating B, the droplet could be intentionally consumed before growing a shell at a lower temperature for radial growth of BGaAs. This points to the possibility of incorporating B x Ga 1−x As in radial heterostructures, especially as we were able to grow smooth, conformal AlGaAs shells on NWs despite their rough surface. Finally, the surfactant effect of adding boron during GaAs nanowire growth could be exploited, for example through engineering the growth on the NW sidewalls [38] , inducing crystal phase switching [19] , or tuning the material properties through the surface roughness [39] .
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